Introduction {#Sec1}
============

According to the annual estimate by the American Cancer Society for 2019, there will be \~1,762,450 new cancer cases and 606,880 cancer deaths projected to occur in the United States, among which lung cancer remains one of the most common cancers both in terms of incidence and mortality^[@CR1]^. Non-small cell lung cancer (NSCLC), mainly including adenocarcinoma, squamous cell carcinoma, and large cell carcinoma, accounts for more than 80% of all lung cancers^[@CR2],[@CR3]^. Due to the lack of effective diagnostic measures and biomarkers, most NSCLC patients are diagnosed at the advanced stage IIIB or IV, which is characterized by distant metastasis and poor prognosis^[@CR4],[@CR5]^. Chemotherapy has proven survival benefits for patients with advanced, unresectable NSCLC; however, the overall 2-year survival rate for chemotherapy-treated NSCLC patients remains \<20%^[@CR6]^. The combination of radiotherapy and chemotherapy is currently used as the standard therapeutic strategy for advanced NSCLC patients without pleural or pericardial effusion^[@CR7]^. Tumor cell metastasis is considered to be the leading cause of NSCLC-associated deaths in clinical therapy, and so far, there have been no effective measures to suppress NSCLC cell metastasis^[@CR8],[@CR9]^.

Taxol (generic name paclitaxel), belonging to a group of diterpenoid alkaloids with anti-tumor capacity, is an antimicrotubule agent that targets taxane binding sites and subsequently blocks depolymerization, inhibiting cell proliferation^[@CR10]^. Taxol is widely used as a first-line chemotherapy agent in the treatment of multiple types of tumors, including NSCLC^[@CR10],[@CR11]^. Currently, Taxol-based combination therapy with cisplatin or carboplatin is a preferred choice for advanced NSCLC patients with metastatic activity^[@CR12]^. However, the anti-tumor activity of Taxol is frequently limited by various factors, such as overexpression of β-tubulin isoforms, mitotic checkpoint alterations, and ATP-binding cassette transporters, resulting in primary or secondary resistance to Taxol and ultimately inducing local recurrence and distant metastasis^[@CR13]^. Therefore, it is essential to investigate the pathogenesis of NSCLC and understand the molecular mechanisms of Taxol resistance.

It is well known that only \~2% of the human genome has protein-encoding capacity, and most of the rest of human transcripts are termed noncoding RNAs (ncRNAs) without the capacity to encode protein^[@CR14]^. MicroRNAs (miRNAs), long noncoding RNAs (lncRNAs), and circular RNAs (circRNAs) are the three main types of ncRNAs^[@CR15]^. Previous studies have shown that the dysregulation of miRNAs, lncRNAs, and circRNAs is involved in the tumorigenesis of multiple human cancers by regulating corresponding oncogenes or tumor suppressor genes^[@CR16],[@CR17]^. MiRNAs and lncRNAs have been reported to be associated with the Taxol resistance in diverse human cancers, including breast cancer, liver cancer and lung cancer^[@CR18],[@CR19]^. However, the roles of circRNA in the Taxol resistance in lung cancer remain largely undetermined. Recently, Ning Xu et al. reported the profiles of differentially expressed circRNAs in Taxol-resistant NSCLC, showing 2909 significantly increased and 8372 decreased circRNAs in Taxol-resistant NSCLC cells compared with normal NSCLC cells^[@CR20]^. In the present study, we identified a novel circRNA (circ_0002483) in the top 20 downregulated circRNAs reported by Ning Xu et al. and investigated the effects of circ_0002483 on the progression and Taxol resistance of NSCLC.

Materials and methods {#Sec2}
=====================

NSCLC tissue samples and cell lines {#Sec3}
-----------------------------------

NSCLC tissue samples and adjacent normal tissue samples were collected from patients who were diagnosed with NSCLC in Tianjin First Central Hospital during 2010--2018. Written informed consent was obtained from all NSCLC patients, and this study was approved by the ethics committee of Tianjin First Central Hospital. The normal lung epithelial cell line (HBE), four NSCLC cell lines (A549, H1299, H358, and PC9) and two Taxol-resistant NSCLC cell lines (A549/Taxol, H1299/Taxol) were all obtained from the Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). The cells were cultured at 37 °C in RPMI-1640 medium (HyClone Laboratories Inc., USA) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 5% CO~2~ and 95% air.

Transfections of siRNAs {#Sec4}
-----------------------

Negative control (NC) and siRNAs were obtained from GenePharma (Shanghai, China). The sequence of hsa_circ_0002483 siRNAs is 5′-AACAGAATATGACAGATACCT-3′. A549 (5 × 10^4^ cells/well) were seeded in 6-well plates and transfected with NC and siRNAs for 48 h using Lipofectamine 3000 Reagent (Life Technologies, Cat. \#L3000015).

Plasmid construction and cell transfection {#Sec5}
------------------------------------------

To overexpress hsa_circ_0002483, PrimerSTAR Max DNA Polymerase Mix (Takara) was applied to amplify the full-length cDNA of hsa_circ_0002483 from 293T cells, and the obtained cDNAs were inserted into the overexpression vector pLCDH-ciR (GenePharma, Shanghai, China), which has a front and back circular frame. Hsa_circ_0002483 was verified by direct sequencing. A549 and H1299 cells (1 × 10^5^ cells/well) were seeded in 6-well plates and transfected with the hsa_circ_0002483-expression vector or empty vector using Lipofectamine 3000 Reagent (Life Technologies, Cat. \#L3000015) according to the manufacturer's instructions.

RNA extraction and quantitative real-time PCR (RT-PCR) assay {#Sec6}
------------------------------------------------------------

Total RNA from NSCLC tissues and cell lines was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and RNA quality was determined by NanoDrop 2000c (Thermo Scientific, Waltham, USA). Then, the Bestar qPCR RT Kit (\#2220, DBI Bioscience, China) was used to produce cDNA from 2 μg of total RNA. RT-PCR was performed on the ABI7500 system with Bestar qPCR MasterMix (\#2043, DBI Bioscience, China). The sequence of primers used in the present study is shown in Table [1](#Tab1){ref-type="table"}. The expression of circ_0002483, GRB2, FOXO1, and FOXO3 was normalized to GAPDH, miR-182-5p expression was normalized to U6, and gene expression was quantified via the 2^−ΔΔCt^ method.Table 1The sequences of primers in this study.GenePrimer sequencesGAPDHForward: 5′-TATGATGATATCAAGAGGGTAGT-3′Reverse: 5′-TGTATCCAAACTCATTGTCATAC-3′has_circ_0002483Forward: 5′-TGCCAAAAGGATTTCTAAACCAGT-3′Reverse: 5′-TTGGGGTCAAGGTAAGCAGC-3′PTK2Forward: 5′-TGGGCGGAAAGAAATCCTGC-3′Reverse: 5′-GGCTTGACACCCTCGTTGTA-3′GRB2Forward: 5′- ATTCCTGCGGGACATAGAACA-3′Reverse: 5′- GGTGACATAATTGCGGGGAAAC-3′FOXO1Forward: 5′-CCCAGGCCGGAGTTTAACC-3′Reverse: 5′-GTTGCTCATAAAGTCGGTGCT-3′FOXO3Forward: 5′-CCCTCTCGGACTCTCTCTCA-3′Reverse: 5′-AAATCCAACCCATCAGCATC-3′miR-182-5pForward: 5′-GTCGTATCCAGTGCGTGTCGTGGAGTC-3′Reverse: 5′-GGCAATTGCACTGGATACGACAGTGTG-3′U6Forward: 5′-CGCTTCGGCAGCACATATACTAA-3′Reverse: 5′-GCTGTCAACGATACGCTACCTA-3′

Western blot assay {#Sec7}
------------------

Total protein was extracted from the treated A549 and H1299 cells using RIPA Lysis Buffer (Vazyme, cat. no. FD008). And the concentration was then quantitated using Pierce BCA protein assay kit (Rockford). The equivalent proteins in each group were isolated using 10% SDS-PAGE according to their molecular weights, and the separate proteins were transferred to PVDF membrane (Millipore). After blocking with 5% skim milk for 2 h, the membranes were incubated with primary antibodies at 4 °C overnight, followed by second antibody (Abcam) for 1 h. Finally, the membranes were treated with Enhanced ECL luminescence detection kit (Vazyme; E411-04), and the results were examined on FluorChem™ M System. The primary antibody included anti-FOXO3 (Abcam, ab17026), anti-FOXO1 (Abcam, ab39670), anti-GRB2 (Abcam, ab111031), and anti-GAPDH (Abcam, ab37168).

Cell Counting Kit-8 (CCK-8) assay {#Sec8}
---------------------------------

NSCLC cells were trypsinized and seeded into 96-well plates at a concentration of 2 × 10^4^ cells/ml. After culture at 37 °C for 24 h, NSCLC cells were transfected with the corresponding oligonucleotides (Circ OE, si-Circ, and anti-miR-182-5p), followed by treatment with various concentrations of Taxol (0, 100, 200, 300, 400, and 500 nM) and were incubated at 37 °C for 72 h. Subsequently, CCK-8 solution (10 µl, Beyotime Institute of Biotechnology, Shanghai, China) was added to 100 µl of culture medium containing 10% FBS. The absorbance values were measured at 450 nm.

Colony formation assay {#Sec9}
----------------------

Briefly, treated NSCLC cells were seeded into 6-well plates at a density of 1000 cells/well. After incubation at 37 °C at 5% CO~2~ and 95% air for 2 weeks, the colonies were fixed and stained with crystal solution, and the number of colonies was calculated. The colony formation rate was calculated and normalized to the control group.

Self-renewing spheroid formation assay {#Sec10}
--------------------------------------

NSCLC cells (500 cells/well) were seeded into 6-well plates and cultured in serum-free RPMI-1640 medium containing EGF (20 ng/ml, BD Biosciences), B27 (1:50, Invitrogen), and insulin (4 mg/ml, Sigma) for 2 weeks. Then, the number of NSCLC cell spheres (tight, spherical, non-adherent masses \> 50 µm in diameter) was imaged and counted.

Invasion analysis {#Sec11}
-----------------

Transwell chambers (8-µm pores, Corning Incorporated, USA) with Matrigel matrix (BD Biosciences, USA) were used to examine the invasive ability of NSCLC cells. In brief, treated NSCLC cells were harvested and resuspended in serum-free culture medium at a final concentration of 1 × 10^5^ cells/ml. Then, 200 µl NSCLC cell suspension was added to the upper chamber, and 500 µl culture medium containing 10% FBS was added to the lower chamber. After 24 h incubation at 37 °C, the invaded NSCLC cells were fixed and stained with 0.5% crystal violet (Beyotime Institute of Biotechnology, China).

In vivo tumor growth assay {#Sec12}
--------------------------

In vivo tumor growth assays were performed using male BALB/c mice (5--8 weeks old) provided by Tianjin First Central Hospital to evaluate the effects of circ_0002483 overexpression on NSCLC progression. Treatment of the nude mice was approved by the Institutional Animal Care and Use Committee of the Tianjin First Central Hospital. In brief, A549 cells stably transfected with empty vector or Circ OE were harvested and resuspended in culture medium (1 × 10^5^ cells/ml). Then, 200 μL A549 cell suspensions were subcutaneously injected into the left flank of nude mice. Tumor volume was measured every 3 days until 21 days after injection. Tumor volumes were measured as the length × width^2^ × 0.5.

Dual-luciferase reporter assay {#Sec13}
------------------------------

To confirm the interaction between circ_0002483 and miR-182-5p, the wild-type (WT) and mutant (Mut) fragments of circ_0002483 containing putative miR-182-5p binding sites were amplified and subcloned into the pGL3 (Promega, USA) vector to form circ_0002483-WT and circ_0002483-Mut recombinant plasmids. A549 and H1299 cells were seeded into 96-well plates at a concentration of 1 × 10^4^ cells/well and cultured at 37 °C overnight. A549 cells were cotransfected with miR-182-5p mimics and circ_0002483-WT or circ_0002483-Mut, and H11299 cells were cotransfected with anti-miR-182-5p and circ_0002483-WT or circ_0002483-Mut. Then, the firefly and Renilla luciferase activities of treated A549 and H1299 cells were detected using the Dual-Luciferase Assay System (Promega), and Renilla luciferase activity was normalized to firefly luciferase activity. The interaction between circ_0002483 and miR-520q-3p, miR-582-3p, miR-587 or miR-655 was also verified to be the same as that between miR-182-5p and circ_0002483.

RNA immunoprecipitation (RIP) assay {#Sec14}
-----------------------------------

The biotin-labeled miR-182-5p probe was utilized to validate the interaction between miR-182-5p and circ_0002483 in H1299 and A549 cells. The probe was designed and obtained from Sangon Biotech (Shanghai, China). H1299 and A549 cells were lysed with RIP lysis buffer and incubated with magnetic beads overnight at 4 °C. The enrichment of circ_0002483 was analyzed by RT-qPCR assay.

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis {#Sec15}
-------------------------------------------------------

Putative target mRNAs of miR-182 were predicted through TargetScan (<http://www.targetscan.org/vert_71/>). Biological pathways of the miRNA target genes were analyzed by DAVID (<https://david.ncifcrf.gov/>) and by Rx64 version 3.5.1.

Statistical analysis {#Sec16}
--------------------

Data are expressed as the mean ± SD. One-way analysis of variance was conducted using GraphPad (Prism 7, GraphPad Prism Software, La Jolla, CA, USA) and was applied to analyze the differences between the groups. A *P* value \<0.05 was considered significant.

Results {#Sec17}
=======

Decreased circ_0002483 was found to be correlated with a poor prognosis in NSCLC {#Sec18}
--------------------------------------------------------------------------------

Ning Xu et al. reported a circRNA expression profile in Taxol-resistant NSCLC obtained through bioinformatics methods that showed the top 20 upregulated and downregulated circRNAs^[@CR20]^. To further evaluate the biological functions of specific circRNAs in NSCLC, we knocked down the expression of the top 20 downregulated circRNAs individually, followed by treatment with Taxol and then RT-qPCR analysis of the transfection effects or a CCK-8 analysis of cell viability (Fig. [1a, b](#Fig1){ref-type="fig"} upper panel). The results of the RT-qPCR assay demonstrated the transfection effects of the top 20 circRNAs and showed that the expression of most circRNAs was significantly decreased after transfection with the siRNAs (Fig. [1a](#Fig1){ref-type="fig"}).Fig. 1Decreased circ_0002483 expression was found to be correlated with a poor prognosis of NSCLC patients.According to the circRNA expression profiles of Taxol-resistant NSCLC reported in a previous study, the top 20 downregulated circRNAs were selected for our study. After individually silencing the expression of the 20 circRNAs in A549 cells, the cells were treated with Taxol (10 nM), and **a** the transfection effects of siRNAs were verified by RT-qPCR and **b** CCK-8 assay was performed to examine the cell viability of the treated A549 cells. **c**, **d** Expression of the 20 circRNAs was detected in 8 pairs of NSCLC and normal tissues by RT-qPCR. **e** A schematic diagram of the genomic locations of circ_0002483 and circ_0002483, which was validated by RT-PCR using divergent primers and Sanger sequencing. **f** Relative circ_0002483 expression in 46 pairs of NSCLC and adjacent normal tissues was measured via RT-qPCR assay, \*\*\**P* \< 0.001. **g** RT-qPCR analysis of circ_0002483 in one normal lung epithelial cell line (HBE) and four NSCLC cell lines (A549, H1299, H358, and PC9), \*\**P* \< 0.01, \*\*\**P* \< 0.001. **h** Relative circ_0002483 expression was examined through RT-qPCR in A549, A549/Taxol, H1299, and H1299/Taxol cells, \*\*\**P* \< 0.001. **i** The survival rate of NSCLC patients with high or low circ_0002483 expression was analyzed by Kaplan--Meier survival plots, \**P* \< 0.05.

The results of the CCK-8 assay indicated that the viability of the circ_0002483 siRNA-treated group exhibited the most obvious change (Fig. [1b](#Fig1){ref-type="fig"} lower panel). Moreover, we analyzed the top 20 downregulated circRNAs in 8 pairs of NSCLC and adjacent normal tissue samples, and circ_0002483 also showed the most obvious change (Fig. [1c, d](#Fig1){ref-type="fig"}). Circ_0002483 is located at chr8:141862969-141921766, which was confirmed by sanger sequencing of the RT-PCR products amplified via specific divergent primers (Fig. [1e](#Fig1){ref-type="fig"}). Next, we found that circ_0002483 was significantly downregulated in NSCLC tissue samples compared with normal tissue samples (*n* = 46, Fig. [1f](#Fig1){ref-type="fig"}). In addition, compared with that in HBE cell lines, circ_0002483 expression was significantly decreased in A549, H1299, H358, and PC9 cells (Fig. [1g](#Fig1){ref-type="fig"}) and was downregulated in A549/Taxol and H1299/Taxol compared with the parental cell lines A549 and H1299 cells (Fig. [1h](#Fig1){ref-type="fig"}). In addition, NSCLC patients with low circ_0002483 expression exhibited a worse prognosis than those with high circ_0002483 expression (Fig. [1i](#Fig1){ref-type="fig"}).

Overexpression of circ_0002483 inhibited NSCLC cell proliferation and invasion in vitro and in vivo {#Sec19}
---------------------------------------------------------------------------------------------------

To investigate the biological functions of circ_0002483 in NSCLC, we overexpressed circ_0002483 by transfecting A549 and H1299 cells with Circ_0002483 (Circ OE) (Fig. [2a](#Fig2){ref-type="fig"}). The CCK-8 assay and colony formation assay showed that circ_0002483 overexpression significantly suppressed cell viability in both A549 and H1299 cells compared with the vector group (Fig. [2b, c](#Fig2){ref-type="fig"}). The self-renewing spheroid formation assay showed that Circ OE treatment resulted in a significant downregulation of sphere number in A549 and H1299 cells compared with vector treatment (Fig. [2d](#Fig2){ref-type="fig"}). Moreover, the Transwell assay indicated that the numbers of invasive A549 and H1299 cells transfected with Circ OE were significantly decreased compared with those cells transfected with the vector (Fig. [2e](#Fig2){ref-type="fig"}). To further evaluate the effects of circ_0002483 on NSCLC tumorigenesis, an in vivo xenograft tumor formation assay indicated that the average tumor volume in the Circ OE group was obviously smaller than that in the empty vector group (Fig. [2f](#Fig2){ref-type="fig"}).Fig. 2Overexpression of circ_0002483 inhibited NSCLC cell proliferation and invasion in vitro and in vivo.**a** The overexpression efficiency of Circ OE in A549 and H1299 cells was determined by RT-qPCR, \*\*\**P* \< 0.001 vs vector. **b**, **c** The effects of circ_0002483 overexpression on cell proliferation were evaluated by CCK-8 assay and colony formation assay in A549 and H1299 cells, respectively, \*\*\**P* \< 0.001 vs vector. **d** A self-renewing spheroid formation assay was performed in A549 and H1299 cells transfected with vector or Circ OE to evaluate the effects of circ_0002483 on tumor sphere formation, \*\*\**P* \< 0.001 vs vector. **e** The invasive ability of A549 and H1299 cells transfected with vector or Circ OE was assessed by Transwell assay, \*\*\**P* \< 0.001 vs vector. **f** An in vivo tumor growth assay was carried out to further study the effects of circ_0002483 overexpression on NSCLC progression, \*\*\**P* \< 0.001 vs vector.

Overexpression of circ_0002483 enhanced the sensitivity of NSCLC cells to Taxol {#Sec20}
-------------------------------------------------------------------------------

Our previous data showed that circ_0002483 was significantly downregulated in Taxol-resistant NSCLC cells, implying that targeting circ_0002483 would overcome Taxol resistance. The overexpression efficiency of Circ OE in A549/Taxol and H1299/Taxol cells was determined by RT-qPCR (Fig. [3a](#Fig3){ref-type="fig"}), and the knockdown efficiency of si-Circ was also determined via RT-qPCR (Fig. [3d](#Fig3){ref-type="fig"}). The CCK-8 assay showed that circ_0002483 overexpression significantly enhanced the sensitivity of A549/Taxol and H1299/Taxol cells to Taxol (Fig. [3b, c](#Fig3){ref-type="fig"}), while circ_0002483 knockdown remarkably attenuated the sensitivity of A549/Taxol and H1299/Taxol cells to Taxol (Fig. [3e, f](#Fig3){ref-type="fig"}). Moreover, we found that Circ OE treatment resulted in a significant downregulation of the IC50 value of A549/Taxol and H1299/Taxol cells (Fig. [3g](#Fig3){ref-type="fig"}), while si-Circ treatment exhibited the opposite effect on the IC50 value of A549/Taxol and H1299/Taxol cells (Fig. [3h](#Fig3){ref-type="fig"}).Fig. 3Overexpression of circ_0002483 enhanced the sensitivity of NSCLC cells to Taxol.**a** RT-qPCR analysis of circ_0002483 in A549/Taxol and H1299/Taxol cells treated with vector or Circ OE, \*\*\**P* \< 0.001. **b**, **c** A549/Taxol and H1299/Taxol cells transfected with vector or Circ OE were analyzed by CCK-8 assay following a 48-h treatment with Taxol (0, 100, 200, 300, 400, or 500 nM), \**P* \< 0.05. **d** RT-qPCR analysis of circ_0002483 of A549/Taxol and H1299/Taxol cells treated with si-NC or si-Circ, \*\*\**P* \< 0.001. **e**, **f** A549/Taxol and H1299/Taxol cells stably transfected with si-NC or si-Circ were analyzed by CCK-8 assay following a 48-h treatment with Taxol (0, 100, 200, 300, 400, or 500 nM), \**P* \< 0.05. **g**, **h** The IC50 values of A549/Taxol and H1299/Taxol transfected with Circ OE or si-Circ were determined by CCK-8 assay, \**P* \< 0.05. OE, overexpression; si-NC, negative control siRNAs; si-Circ, circ_0002483 siRNAs.

Circ_0002483 functions as a sponge for multiple miRNAs in NSCLC cells {#Sec21}
---------------------------------------------------------------------

By using bioinformatics analysis, we found that a total of 24 miRNAs were identified as potential targets of circ_0002483 in NSCLC. A dual-luciferase reporter assay was performed to further confirm the interaction between circ_0002483 and its predicted miRNAs in A549 cells. Among the 24 predicted miRNAs, only five miRNAs (miR-182-5p, miR-520q-3p, miR-582-3p, miR-587, and miR-655) significantly attenuated the luciferase activity of A549 cells (Fig. [4a](#Fig4){ref-type="fig"}). We subsequently predicted the target genes of miR-182-5p, miR-520q-3p, miR-582-3p, miR-587, and miR-655 by using TargetScan 7.2 and analyzed the identified target genes in a KEGG pathway analysis (Fig. [4b](#Fig4){ref-type="fig"}). Based on this analysis, the top 30 target genes of the five miRNAs were found to be involved in the following four common, critical pathways: pathways in cancer, proteoglycans in cancer, Ras signaling pathway and FoxO signaling pathway (Fig. [4c](#Fig4){ref-type="fig"}).Fig. 4Circ_0002483 sponged multiple miRNAs in NSCLC cells.**a** Upper panel, dual-luciferase reporter assay was performed to verify the interaction between predicted miRNAs and circ_0002483 in A549 cells. Lower panel, schematic diagram a screen for target genes of circ_0002483, \**P* \< 0.05. **b** KEGG pathway analysis of five miRNAs targeted by circ_0002483. **c** Four critical pathways that have been identified in the KEGG pathway analysis of all five target miRNAs of circ_0002483.

Circ_0002483 directly bound to and was negatively correlated with miR-182-5p {#Sec22}
----------------------------------------------------------------------------

MiR-182-5p was selected for further study because it showed the greatest fold change in the previous luciferase report assay. The sequence of the putative binding sites between miR-182-5p and circ_0002483 is shown (Fig. [5a](#Fig5){ref-type="fig"}). The dual-luciferase reporter assay indicated that miR-182-5p could significantly attenuate the luciferase activity of A549 and H1299 cells driven by the wild-type circ_0002483 recombinant plasmid compared with that of the control group and was rescued by the mutant circ_0002483 recombinant plasmid (Fig. [5b, c](#Fig5){ref-type="fig"}). The RIP assay showed a specific enrichment of circ_0002483 and miR-182-5p in the miR-182-5p probe group compared with the scramble group in both A549 and H1299 cells (Fig. [5d, e](#Fig5){ref-type="fig"}). In addition, the expression level of miR-182-5p in NSCLC tissues was significantly higher than in adjacent normal tissues (Fig. [5f](#Fig5){ref-type="fig"}). Moreover, TCGA Data Portal results from starBase v3.0 also showed that miR-182-5p was significantly upregulated in cancer tissues compared with their normal counterparts in lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) (Fig. [5g, h](#Fig5){ref-type="fig"}). Furthermore, the expression of miR-182-5p and circ_0002483 were negatively correlated in NSCLC (*r* = −0.1401) but the difference was not statistically significant (*P* = 0.3531) (Fig. [5i](#Fig5){ref-type="fig"}).Fig. 5Circ_0002483 directly bound to and showed a negative correlation with miR-182-5p.**a** The putative binding sites between miR-182-5p and circ_0002483. **b**, **c** Interaction between miR-182-5p and circ_0002483 was verified via dual-luciferase reporter assay in A549 and H1299 cells, \**P* \< 0.05. **d**, **e** RIP assay was carried out to determine the interaction between miR-182-5p and circ_0002483 in A549 and H1299 cells. **f** Relative miR-182-5p expression was detected in NSCLC and adjacent normal tissues through RT-qPCR assay. **g** Expression of miR-182 in 512 cancer and 20 normal samples in lung adenocarcinoma (LUAD). **h** Expression of miR-182 in 475 cancer and 38 normal samples in lung squamous cell carcinoma (LUSC). **i** Correlation between miR-182-5p and circ_0002483 in NSCLC.

Knockdown of miR-182-5p inhibited NSCLC cell proliferation and invasion and enhanced the sensitivity of NSCLC cells to Taxol {#Sec23}
----------------------------------------------------------------------------------------------------------------------------

Compared with that in the HBE cell line, miR-182-5p was significantly upregulated in the NSCLC cell lines A549, H1299, H358, and PC9 (Fig. [6a](#Fig6){ref-type="fig"}). Then, we knocked down the expression of miR-182-5p in A549 and H1299 cells with miR-182-5p inhibitors (anti-miR-182-5p), and the knockdown efficiency was examined (Fig. [6b](#Fig6){ref-type="fig"}). Subsequently, CCK-8, colony formation and Transwell assays in A549 and H1299 cells indicated that anti-miR-182-5p significantly inhibited cell proliferation and invasion (Fig. [6c--e](#Fig6){ref-type="fig"}). In addition, we found that miR-182-5p was significantly higher in A549/Taxol and H1299/Taxol cells than in A549 and H1299 cells (Fig. [6f](#Fig6){ref-type="fig"}). Anti-miR-182-5p in A549/Taxol and H1299/Taxol cells effectively decreased its expression (Fig. [6g](#Fig6){ref-type="fig"}). Blocking miR-182-5p significantly enhanced the toxicity of Taxol to A549/Taxol and H1299/Taxol cells (Fig. [6h](#Fig6){ref-type="fig"}).Fig. 6Knockdown of miR-182-5p inhibited NSCLC cell proliferation and invasion and enhanced the sensitivity of NSCLC cells to Taxol.**a** Relative miR-182-5p expression was measured in HBE, A549, H1299, H358 and PC9 cells by RT-qPCR assay, \*\**P* \< 0.01, \*\*\**P* \< 0.001. **b** After treating A549 and H1299 cells with anti-NC or anti-miR-182-5p, relative miR-182-5p expression was measured by RT-qPCR assay, \*\*\**P* \< 0.001. **c** CCK-8 analysis of A549 and H1299 cells transfected with anti-NC or anti-miR-182-5p, \*\*\**P* \< 0.001. **d** The effects of miR-182-5p knockdown on cell proliferation were evaluated by using a colony formation assay, \*\*\**P* \< 0.001. **e** Transwell assays were utilized to assess the invasive ability of A549 and H1299 cells treated with anti-NC or anti-miR-182-5p, \*\*\**P* \< 0.001. **f** Relative miR-182-5p expression in A549 and H1299, as well as their Taxol-resistant derivatives A549/Taxol and H1299/Taxol, was measured via RT-qPCR assay, \*\*\**P* \< 0.001. **g** The knockdown efficiency of anti-miR-182-5p was determined by RT-qPCR in A549/Taxol and H1299/Taxol cells, \*\*\**P* \< 0.001. **h** A549/Taxol and H1299/Taxol cells stably transfected with anti-NC or anti-miR-182-5p were analyzed by CCK-8 assay following a 48-h treatment with Taxol (0, 100, 200, 300, 400, or 500 nM), \*\**P* \< 0.01.

GRB2, FOXO1 and FOXO3 were identified as three targets of miR-182-5p and were regulated by circ_0002483 {#Sec24}
-------------------------------------------------------------------------------------------------------

Bioinformatics analysis showed that the 3′-UTRs of GRB2, FOXO1, and FOXO2 contained miR-182-5p complementary sequences, which were conserved among species (Fig. [7a](#Fig7){ref-type="fig"}). A dual-luciferase reporter assay indicated that miR-182-5p could directly target GRB2, FOXO1, and FOXO2 (Fig. [7b](#Fig7){ref-type="fig"}). Gene expression in TCGA Data Portal from starBase v3.0 revealed that GRB2, FOXO1, or FOXO3 expression was negatively correlated with miR-182-5p in LUAD and LUSC tissues (Fig. [7c](#Fig7){ref-type="fig"}). In addition, we found that overexpression of circ_0002483 in A549 and H1299 cells led to remarkably upregulated expression of GRB2, FOXO1 and FOXO3, while overexpression of miR-182-5p in A549 and H1299 cells resulted in the opposite effect on GRB2, FOXO1 and FOXO3 expression (Fig. [7d, e](#Fig7){ref-type="fig"}). Moreover, our findings suggested that A549 and H1299 cells cotransfected with miR-182-5p and circ_0002483 could restore the expression of GRB2, FOXO1 and FOXO3 back to normal levels (Fig. [7d, e](#Fig7){ref-type="fig"}). Furthermore, co-overexpressing miR-182-5p and circ_0002483 rescues the resistance to Taxol in lung cancer cells, indicated circ_0002483 enhances the sensitivity of NSCLC cells to Taxol by sponging miR-182-5p (Fig. [7f](#Fig7){ref-type="fig"}). These results suggested that circ_0002483 inhibited the progression and enhanced the Taxol sensitivity of NSCLC through the miR-182-5p/GRB2/FOXO1/FOXO3 signaling pathway (Fig. [7g](#Fig7){ref-type="fig"}).Fig. 7GRB2, FOXO1 and FOXO2 were identified as three targets of miR-182-5p and were regulated by circ_0002483.The interaction between miR-182-5p and GRB2, FOXO1 or FOXO2 was predicted and verified by **a** bioinformatics methods and **b** dual-luciferase reporter assay, \**P* \< 0.05. **c** The correlation between miR-182-5p and GRB2, FOXO1 or FOXO2 in NSCLC tissues. **d**, **e** RT-qPCR and Westerb Blot analysis of GRB2, FOXO1, and FOXO2 in A549 and H1299 cells transfected with miR-182-5p, circ_0002483, or miR-182-5p + circ_0002483, \**P* \< 0.05. **f** A549/Taxol and H1299/Taxol cells transfected with vector, Circ OE or co-overexpressing miR-182-5p, then the cells were analyzed by CCK-8 assay following a 48-h treatment with Taxol (0, 100, 200, 300, 400, or 500 nM), \**P* \< 0.05. **g** A diagram of the molecular mechanisms underlying the circ_0002483/miR-182-5p axis in NSCLC.

Discussion {#Sec25}
==========

Taxol, which is extracted from the bark of the Pacific Yew tree, is one of the most commonly used anti-tumor agents^[@CR21]^. Since its approval by the Food and Drug Administration of the United States in 1992 for the therapy of ovarian cancer, Taxol has been widely applied over decades to the clinical therapy for various human cancers^[@CR21]^. Previous studies have shown that Taxol might exert its anti-tumor activity by disrupting microtubules, which are tube-shaped polymers that play a crucial role in the maintenance of the cell skeleton, in vesicle transport and in cell division^[@CR22]^. Among all chemotherapeutic drugs, Taxol has shown great efficacy in treating multiple human cancers, such as ovarian cancer, breast cancer and lung cancer^[@CR23]--[@CR25]^. At present, Taxol has also become a promising chemotherapeutic agent in the treatment of advanced NSCLC^[@CR26],[@CR27]^. However, most advanced NSCLC patients respond to Taxol treatment only in the initial stage, and acquired Taxol drug resistance frequently occurs in the late period of treatment, resulting in Taxol showing no obvious improvement on the 5-year survival rate of NSCLC patients^[@CR27],[@CR28]^. Therefore, acquired drug resistance to Taxol is no doubt the biggest obstacle to improving the overall response and survival of NSCLC patients.

Although the molecular mechanisms underlying Taxol resistance have not yet been fully elucidated, emerging evidence has shown that miRNAs and lncRNAs play a critical role in the Taxol resistance of NSCLC^[@CR29],[@CR30]^. The roles of circRNAs in the Taxol resistance of NSCLC have barely been investigated. Recently, a circRNA expression profile was reported by Xu Ning et al. using high-throughput circRNA microarrays in parental A549 cells and Taxol-resistant A549/Taxol cells, showing 2909 significantly upregulated and 8372 downregulated circRNAs in the A549/Taxol cells compared with the A549 cells^[@CR20]^. To further investigate the biological functions of circRNAs in the Taxol resistance of NSCLC, we identified a novel circRNA, circ_0002483, in the top 20 downregulated circRNAs reported by Xu Ning et al. We demonstrated that circ_0002483 inhibited the progression and enhanced the Taxol sensitivity of NSCLC. Mechanistically, five miRNAs (miR-182-5p, miR-520q-3p, miR-582-3p, miR-587, and miR-655) were identified as target miRNAs of circ_0002483, and GRB2, FOXO1 and FOXO3 were verified as target genes of miR-182-5p. Moreover, increased miR-182-5p was demonstrated to act as an oncogene in NSCLC, and circ_0002483 could regulate its target genes (GRB2, FOXO1, and FOXO3) through sponging miR-182-5p.

In conclusion, our findings suggested that circ_0002483 inhibited the progression and enhanced the Taxol sensitivity of NSCLC through the miR-182-5p/GRB2/FOXO1/FOXO3 signaling pathway, providing several potential therapeutic targets to overcome the Taxol resistance of NSCLC. In the future, studies are also needed to explore whether increased expression of miR-182-5p affects Taxol resistance in parental A549 and H1299 cells.
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